Introduction
============

A growing body of evidence has suggested that obesity is causally linked to various disorders, including dyslipidemia and hyperglycemia. Furthermore, obesity is recognized increasingly as a major risk factor for chronic kidney disease (CKD).^[@bib1]^ It has been shown that renal structural and functional changes develop early in the course of obesity-initiated metabolic syndrome and apparently mimic those observed in diabetic nephropathy.^[@bib2]^ Furthermore, obesity causes glomerular hyperfiltration and alterations in several humoral factors, including hyperinsulinemia and activated renin--angiotensin system, all of which could precipitate in more severe glomerular damage associated with obesity. Nevertheless, specific factors contributing to the initiation and progression of obesity-induced renal dysfunction have not been determined thus far.

A small GTP-binding protein, Rho, and its effector, Rho kinase, have several physiological and pathological functions.^[@bib3]^ It has been established that the activation of the Rho/Rho-kinase pathway plays an important role not only in the enhanced systemic vascular tone in several models of hypertensive animals,^[@bib4],\ [@bib5]^ but also in cellular pathophysiological processes, including migration, proliferation, epithelial--mesenchymal transdifferentiation and matrix production.^[@bib6],\ [@bib7]^ Moreover, in the kidney, the Rho/Rho-kinase pathway regulates basal and angiotensin II-induced tone of afferent and efferent arterioles,^[@bib8],\ [@bib9]^ and is activated in hypertensive glomerulosclerosis and interstitial fibrosis.^[@bib10],\ [@bib11]^ Of note, a recent study has demonstrated that activation of Rho/Rho-kinase pathway interferes with insulin signaling through serine phosphorylation of insulin receptor substrate-1 in cultured vascular smooth muscle cells.^[@bib12]^ Conversely, the blockade of the Rho/Rho-kinase pathway has been shown to ameliorate insulin sensitivity and impairment of endothelial dysfunction in Zucker obese rats.^[@bib13]^ It can be surmised therefore that the Rho/Rho-kinase pathway constitutes a critical mediator linking between metabolic and hemodynamic abnormalities in insulin resistance and obesity.

Several lines of recent studies have documented a potential role of aldosterone in the pathogenesis of renal injury. Severe glomerular injury and interstitial fibrosis were observed in rats treated with aldosterone and salt.^[@bib14],\ [@bib15]^ In patients with CKD and early diabetic nephropathy, the addition of mineralocorticoid receptor (MR) antagonists to angiotensin-converting enzyme inhibitors had no hemodynamic effects, but markedly reduced proteinuria.^[@bib16],\ [@bib17]^ Further studies also reported that monotherapy with MR antagonists was more effective than angiotensin-converting enzyme inhibitors in reducing proteinuria in hypertensive patients.^[@bib18],\ [@bib19]^ Furthermore, aldosterone-induced Rho-kinase activation elicits myofibroblastic transformation in renal cells and contributes to the progression of renal fibrosis.^[@bib20],\ [@bib21]^ Little is known, however, as to the role of Rho kinase as an effector of aldosterone in obesity-associated renal injury.

In this study, we investigated whether the aldosterone/Rho/Rho-kinase pathway was activated and contributed to the development of renal injury in obese animals. Furthermore, the mechanisms for the enhanced aldosterone/Rho/Rho-kinase pathway in mediating the obesity-associated nephropathy were assessed.

Subjects and methods
====================

Animals-1
---------

The 6-week-old male C57BL/6J mice weighing 20±1 g were housed in a temperature- and light-controlled room (22±1 °C; 12-h light day cycle) with *ad libitum* access to tap water and a standard mouse chow. Animals were fed a low fat diet (LFD, *n*=8; 10% lard; Research Diets Inc., New Brunswick, NJ, USA) or a high fat diet (HFD, *n*=8; 60% lard; Research Diets Inc.), with the latter further randomized to either an MR inhibitor (eplerenone, 100 mg kg^−1^ per day, via gavage, *n*=8; Pfizer Inc., Tokyo, Japan)-treated or a vehicle-treated group (*n*=8) during the 12-week experimental protocol. Animals received daily gavage with either eplerenone or vehicle control until being killed on week 12. Daily food intake was measured in each group.

We implanted a telemetry transmitter probe (model PA-C20; Data Sciences Int., St Paul, MN, USA) into the 6-week-old male mice under sodium pentobarbital anesthesia (50 mg kg^−1^ intraperitoneally), and the flexible tip of the probe was positioned at the cervical arteries as described previously.^[@bib22]^ The mice were returned to their home cages and allowed to recover for 2 weeks before the start of the measurements. We monitored conscious blood pressure (BP), heart rate and the activity in unrestricted and untethered mice with the Dataquest IV system (Data Sciences Int.).^[@bib22]^

After 12-week treatment with eplerenone, body weight was recorded. Mice were then anesthetized with ether and the abdomen was opened through a mid-line incision. Blood and urine were drawn for measuring biochemical assays. Kidneys were harvested and sliced sagitally. The half was snap frozen in liquid nitrogen and stored at −80 °C and the remaining was immersed in 10% neutral-buffered formalin and embedded in paraffin. The study protocol was performed in accordance with the animal experimentation guideline of Keio University School of Medicine.

Animals-2
---------

To evaluate the renoprotective effects of the Rho-kinase inhibition, animals were fed an LFD (*n*=8; 10% lard; Research Diets Inc.) or an HFD (*n*=8; 60% lard; Research Diets Inc.) in the same way, with the latter further randomized to either a Rho-kinase inhibitor (fasudil, 30 mg kg^−1^ per day, via gavage, *n*=8; Asahi Kasei Co., Tokyo, Japan)-treated or a vehicle-treated group (*n*=8) during the experimental protocol. After 12-week treatment with fasudil, the mice were killed and the collection of blood, urine and tissues were performed in the same way as in Animal-1.

Morphological examination
-------------------------

Nuclei within a single glomerulus were counted in 50 hilar glomeruli in each animal. Diameters of glomeruli were measured by photographing at high magnification for image analysis.^[@bib23]^ These morphological evaluations were conducted by two independent observers in a blinded manner.

Immunohistochemistry
--------------------

Kidney sections (4 μm) were stained with periodic acid-Schiff\'s, monoclonal mouse macrophage marker F4/80 (1:300 dilution) and Masson\'s modified trichrome to demonstrate collagen matrix.^[@bib23],\ [@bib24]^ The accumulation of matrix, and the extent of histochemical and immunohistochemical staining were quantified using computer-assisted image analysis. The number of macrophages was assessed by counting F4/80-positive nuclei (brown) per mm^2^ with the use of image analysis software.^[@bib23]^ Sections incubated with normal goat serum instead of the primary antiserum served as the negative control.

Tissue aldosterone and immunoblotting
-------------------------------------

Tissue aldosterone was measured by liquid chromatography-electrospray ionization tandem mass spectrometry.^[@bib25]^ Western blotting was performed as described previously.^[@bib13]^ To examine the effects of aldosterone on Rho/Rho-kinase pathway, phosphorylated levels of myosin phosphatase target subunit-1 (MYPT1; Upstate Biochemistry, Lake Placid, NY, USA), one of the substrates of Rho kinase, were examined in the kidney and aldosterone-stimulated human mesangial cells (HMCs), with the use of phospho-MYPT1 levels at the inhibitory site (Thr696) as a marker for Rho-kinase activity. Immunoblotting was performed using specific antibodies against phospho-MYPT1 and mitogen-activated protein kinases, including extracellular signal-regulated kinases (ERK1/2) and p38.^[@bib26],\ [@bib27]^

We prepared the nuclear extracts with commercially available kits (Panomics Inc., Fremont, CA, USA).^[@bib28]^ MR (Perseus Proteomics, Tokyo, Japan) protein levels in the nuclear fraction of the kidney were examined. Immunoreactive bands were detected using an ECL detection kit (Amersham Biosciences, Uppsala, Sweden).

Measurement of MCP-1 and TNF-α protein levels
---------------------------------------------

Tissue monocyte chemoattractant protein-1 (MCP-1) and tumor necrosis factor-α (TNF-α) were measured using a commercially available enzyme-linked immunosorbent assay kit (Westang Bio-tech, Shanghai, China).^[@bib29]^ Briefly, kidney samples were homogenized separately in 0.1 [M]{.smallcaps} NaCl, 0.05 [M]{.smallcaps} Tris-Cl and 2% (v v^−1^) Triton X-100 together with protease inhibitors (Roche Diagnostics, Melbourne, Australia). After centrifugation, the supernatants were collected and stored at −80 °C until assayed. The TNF-α and MCP-1 levels were measured using an enzyme-linked immunosorbent assay kit. All samples were assayed in duplicate. The results of TNF-α and MCP-1 were calculated as concentration per wet weight of the tissue (picograms per gram).

Cell culture and experimental protocols
---------------------------------------

### Experiment-1

Aldosterone was obtained from Sigma (St Louis, MO, USA). An aldosterone receptor blocker, eplerenone, was kindly provided by Pfizer Inc.. HMCs in primary culture were purchased from Cambrex Bioproducts (Takara Bio Inc., Otsu, Shiga, Japan). The cells were cultured in SmBM medium (Clonetics Co., Walkersville, MD, USA) supplemented with 10% fetal bovine serum. For all experiments, early passaged (passages 3--6) HMCs were grown at 60--70% confluence and made quiescent by serum starvation for 48 h. Cells were incubated with various concentration of aldosterone (10^--11^ to 10^--8^ mol l^−1^) for 1 h and were also treated with eplerenone for 30 min before the addition of aldosterone (1 nmol l^−1^). HMCs were harvested in 100 μl lysis buffer containing 20 mmol l^−1^ of Tris-HCl, 250 mmol l^−1^ of sucrose and phenylmethylsulfonyl fluoride, as well as aprotinin and leupeptin (10 μg ml^−1^ each) 5 min after the aldosterone treatment. After three cycles of freeze and thaw, samples were centrifuged at 250 *g* at 4 °C for 5 min. The supernatant was then centrifuged at 100 000 *g* for 30 min at 4 °C. The supernatant was saved and the protein was subjected to immunoblotting.

### Experiment-2

Cells were further supplemented with 100 n[M]{.smallcaps} human insulin (Sigma) in 2% fetal bovine serum, to mimic hyperinsulinemia, or incubated with standard 1 n[M]{.smallcaps} or 10 n[M]{.smallcaps} insulin in Dulbecco\'s modified Eagle\'s medium with 20% fetal bovine serum over 48-h period. Cells were cultured in 75-cm^2^ flasks (90--95% confluency) for RNA isolation.

Quantitative real-time reverse transcription-polymerase chain reaction
----------------------------------------------------------------------

Total RNA was extracted from the mouse kidneys using Trizol solution (Invitrogen, Carlsbad, CA, USA). Total RNA was subjected to reverse transcription in a 20 μl reaction mixture containing random primers and Superscript II enzyme (Invitrogen). Quantitative real-time polymerase chain reaction was performed with an ABI Prism 7700 Sequence Detection System using SYBR Green PCR Master Mix Reagent Kit (Applied Biosystems, Foster City, CA, USA).^[@bib30]^ Primers used were as follows: serum- and glucocorticoid-induced kinase 1 (SGK1): sense---5′-TGTCTTGGGGCTGTCCTGTATG-3′, antisense---5′-GCTTCTGCTGCTTCCTTCACAC-3′ platelet-derived growth factor subunit B (PDGF-B): sense---5′-CGAGTGCAAGACGCGTACA-3′, antisense---5′-GGCATTGGTGCGATCGA-3′ TNF-α: sense---5′-GGTGATCGGTCCCAACAAGGA-3′, antisense---5′-CACGCTGGCTCAGCCACTC-3′ MCP-1: sense---5′-TAGGCTGGAGAGCTACAAGAGGAT-3′, antisense---5′-AGACCTCTCTCTTGAGCTTGGTGA-3′ CYP11B1: sense---5′-ACTCCGTGGCCTGAGACG-3′, antisense---5′-CTCTGCCAGTTCGCGATA-3′ CYP11B2: sense---5′-ACTCCGTGGCCTGAGACG-3′, antisense---5′-GAGAGCTGCCGAGTCTGA-3′ 3β-hydroxysteroid dehydrogenase (3β-HSD): sense---5′-GCAGACCATCCTAGATGTCAATCTG-3′, antisense---5′-CAAGTGGCTCATAGCCCAGATCTC-3′ and CYP21 hydroxylase: sense---5′-CAAGAAACTCTCTCGCTCAGCCCT-3′, antisense---5′-CAACGTGCTGTCCTTGTCTCCAAA-3′. Polymerase chain reaction-amplified products were also electrophoresed on agarose gels to confirm that single bands were amplified. Levels of mRNA were normalized to those of β-actin (primers commercially available from Applied Biosystems).

Statistics
----------

Results are expressed as mean±s.e.m. Statistical significance was evaluated with the analysis of variance with a least significant difference *post-hoc* comparison using the SPSS software package (SPSS Inc., Chicago, IL, USA). Histological results were analyzed by Kruskal--Wallis non-parametric test. *P*-values \<0.05 were considered statistically significant.

Results
=======

Effects of eplerenone on systemic blood pressure, renal function and metabolic parameters
-----------------------------------------------------------------------------------------

Systolic BP, mean BP and heart rate were unaltered by an HFD. Systolic and mean BP tended to be reduced by eplerenone, but did not attain statistical significance (*P*\>0.1; [Figure 1a--c](#fig1){ref-type="fig"}). Albuminuria was markedly increased in mice on HFD compared with those on an LFD (*P*\<0.01; [Figure 1d](#fig1){ref-type="fig"}). The treatment with eplerenone reduced albuminuria nearly to the level of mice on LFD. Serum creatinine was not changed in mice on HFD nor was altered by eplerenone (LFD, 0.13±0.02 mg dl^−1^; HFD, 0.18±0.06 mg dl^−1^; HFD with eplerenone, 0.14±0.02 mg dl^−1^; *P*\>0.1). Body weights and kidney weights of mice on HFD were markedly greater than those of mice on LFD (*P*\<0.05; [Figure 1e and f](#fig1){ref-type="fig"}). HFD-induced obesity was ameliorated by the treatment with eplerenone. Eplerenone did not affect the amount of food intake (LFD, 1.9±0.1 g per day; HFD, 1.9±0.1 g per day; HFD with eplerenone, 2.0±0.1 g per day).

HFD had no significant effect on blood glucose levels (LFD, 175±5 mg dl^−1^; HFD, 196±41 mg dl^−1^; HFD with eplerenone, 206±14 mg dl^−1^) or triglycerides (LFD, 69±10 mg dl^−1^; HFD, 95±32 mg dl^−1^; HFD with eplerenone, 76±17 mg dl^−1^), but caused increases in serum insulin (LFD, 0.72±0.175 ng ml^−1^; HFD, 7.56±2.35 ng ml^−1^; *P*\<0.05 vs LFD), as well as free fatty acid (FFA) (LFD, 0.65±0.09 mg dl^−1^; HFD, 1.25±0.16 mg dl^−1^; *P*\<0.05 vs LFD) and total cholesterol (LFD, 107±6 mg dl^−1^; HFD, 191±34 mg dl^−1^; *P*\<0.05 vs LFD). Elevated levels of insulin and FFA were ameliorated by the treatment with eplerenone (insulin: HFD+eplerenone, 2.04±0.34 ng ml^−1^, *P*\<0.05 vs HFD; FFA: HFD+eplerenone, 0.71±0.1 ng ml^−1^, *P*\<0.05 vs HFD).

Effects of eplerenone on renal morphological changes and renal expression of inflammatory chemokines
----------------------------------------------------------------------------------------------------

In kidneys from mice on HFD, marked mesangial hypercellularity and enlarged glomerular size were noted ([Figure 2a](#fig2){ref-type="fig"}). As shown in [Figure 2c](#fig2){ref-type="fig"}, glomerular size was increased in mice on HFD compared with that in mice on LFD (*P*\<0.01). Similarly, when assessed by the number of the nucleus, glomerular cellularity was increased in mice on HFD compared with that in mice on LFD (66.7±3.0 vs 32.3±2.5 nuclei per glomerular cross-section, *P*\<0.01; [Figure 2d](#fig2){ref-type="fig"}). The HFD-induced changes in glomerular size and cellularity were nearly completely abolished by the treatment with eplerenone.

Marked infiltration of macrophages was observed in the renal tissue of mice on HFD ([Figure 2e](#fig2){ref-type="fig"}). The treatment with eplerenone pronouncedly abrogated the changes induced by HFD. We examined whether renal fibrotic changes were induced by obesity with Masson trichrome staining. HFD showed no significant fibrotic changes ([Figure 2b](#fig2){ref-type="fig"}). Alternatively, the stain-negative round spots were increased in obese mice and were reduced by eplerenone ([Figure 2b and f](#fig2){ref-type="fig"}). HFD-fed mice showed the upregulated renal expressions of MCP-1 (3.5-fold; [Figure 2h](#fig2){ref-type="fig"}), TNF-α (3.3-fold; [Figure 2j](#fig2){ref-type="fig"}) and PDGF-B (2.0-fold; [Figure 2k](#fig2){ref-type="fig"}). Protein levels of MCP-1 and TNF-α were similarly overexpressed in mice on HFD ([Figure 2g and i](#fig2){ref-type="fig"}). All of these changes were abolished by the treatment with eplerenone.

MR and SGK1 expression and aldosterone synthesis enzyme expression in kidneys from HFD-fed mice
-----------------------------------------------------------------------------------------------

Whether the aldosterone signaling pathway was augmented in kidneys from obese mice was examined. In kidneys of HFD-fed mice, MR protein levels in the nuclear fraction were increased (2.3-fold, *P*\<0.05; [Figure 3a](#fig3){ref-type="fig"}). Similarly, SGK1, a transcriptionally regulated serine--threonine kinase and considered as one of the main effectors of MR-mediated signal transduction, was pronouncedly upregulated (5.5-fold, *P*\<0.01; [Figure 3b](#fig3){ref-type="fig"}). The treatment with eplerenone suppressed the MR protein level in the nuclear fraction and downregulated the SGK1 expression.

We further evaluated whether enhanced aldosterone signaling involved aldosterone production *per se* or the modification of MR function.^[@bib27]^ Plasma aldosterone levels were unaltered in mice on HFD ([Figure 3c](#fig3){ref-type="fig"}). In contrast, renal aldosterone contents were increased by threefold in mice on HFD (*P*\<0.05). The effects of HFD on the enzymes of aldosterone synthesis in renal tissues were evaluated. In HFD-fed mice, mRNA of 3β-HSD was upregulated (8.0-fold, *P*\<0.05; [Figure 3d](#fig3){ref-type="fig"}). Other enzymes of aldosterone synthesis, including 21 hydroxylase, CYP11B1 and B2, were unaltered in mice on HFD ([Figure 3e--g](#fig3){ref-type="fig"}).

Rho-kinase activity in the kidney
---------------------------------

Whether obesity enhanced the renal Rho/Rho-kinase pathway was examined. HFD significantly increased the level of Thr696-phosphorylated MYPT1 in renal tissues (2.0-fold induction, *P*\<0.05 vs LFD; [Figure 4a](#fig4){ref-type="fig"}). The enhanced Rho-kinase activity was nearly completely abolished by the treatment with eplerenone (*P*\<0.05 vs HFD). In contrast, neither p42/44 nor p38 was changed in mice on HFD ([Figure 4b and c](#fig4){ref-type="fig"}).

Activation of Rho/Rho-kinase pathway by aldosterone in an MR-dependent manner
-----------------------------------------------------------------------------

Whether the MR activation enhanced Rho kinase was examined in cultured HMCs, using aldosterone as an MR agonist. Increasing concentrations of aldosterone elevated the phosphorylation levels of MYPT1, with a 2.2-fold elevation observed at 1 nmol l^−1^ (*P*\<0.05 vs quiescent; [Figure 4d](#fig4){ref-type="fig"}). Stimulation with aldosterone (1 nmol l^−1^) increased the phospho-MYPT1 levels at 90 min (1.9±0.2-fold induction) and 3 h (1.4±0.1-fold induction; [Figure 4e](#fig4){ref-type="fig"}). Pre-incubation with eplerenone (10 μmol l^−1^) attenuated the aldosterone-induced increase in MYPT-1 phosphorylation in a dose-dependent manner ([Figure 4f](#fig4){ref-type="fig"}).

Effects of insulin on MR signaling pathway
------------------------------------------

SGK1 was upregulated with high concentration of insulin, but not with low concentration of insulin (2.5-fold, *P*\<0.05; [Figure 4g](#fig4){ref-type="fig"}).

Effects of fasudil on systemic blood pressure, renal function and metabolic parameters
--------------------------------------------------------------------------------------

Systolic BP, mean BP and heart rate were unaltered by fasudil (*P*\>0.5; [Figure 5a--c](#fig5){ref-type="fig"}). Serum creatinine levels in obese mice did not differ (LFD, 0.13±0.02 mg dl^−1^; HFD, 0.17±0.05 mg dl^−1^; HFD with fasudil, 0.13±0.03 mg dl^−1^; *P*\>0.1). Albuminuria was markedly increased in mice on HFD, which was reduced by the treatment with fasudil (*P*\<0.01; [Figure 5d](#fig5){ref-type="fig"}). HFD-induced obesity and enlarged kidneys were ameliorated by the treatment with fasudil (*P*\<0.05; [Figure 5e and f](#fig5){ref-type="fig"}). Fasudil did not affect the amount of food intake (food intake, LFD, 2.0±0.1 g per day; HFD, 2.0±0.1 g per day, HFD with fasudil, 2.1±0.1 g per day).

Effects of fasudil on renal morphological changes and renal expression of inflammatory chemokines
-------------------------------------------------------------------------------------------------

Marked infiltration of macrophages was observed in mice on HFD ([Figure 6a and f](#fig6){ref-type="fig"}). The HFD-induced changes in glomerular size and cellularity were nearly completely abolished by the treatment with fasudil ([Figure 6b, d and e](#fig6){ref-type="fig"}). The stain-negative round spots were increased in obese mice and were reduced by fasudil ([Figure 6c and g](#fig6){ref-type="fig"}).

Furthermore, the upregulated renal expressions, mRNAs ([Figure 6i, k and l](#fig6){ref-type="fig"}) and protein levels ([Figure 6h and j](#fig6){ref-type="fig"}) of MCP-1, TNF-α and PDGF-B in HFD-fed mice were abolished by the treatment with fasudil.

Discussion
==========

Obesity and metabolic syndrome are important risk factors not only for cardiovascular complications, but also for the development of proteinuria and CKD. Multiple factors are assumed to contribute to the development of CKD in obesity, including systemic hypertension and dyslipidemia. In this study, we have demonstrated that HFD-induced obesity causes marked renal pathological changes, including glomerular hypercellularity, infiltration of macrophages and stain-negative round spots, which may represent increases in lipid droplets in kidneys from obesity ([Figures 2](#fig2){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Furthermore, these alterations were prevented by the blockade of MR with eplerenone without alterations in systolic and mean BP. In the previous dog study, eplerenone actually lowered BP in obese animals.^[@bib31]^ In contrast to the dog studies, blood pressure tended to be reduced with eplerenone, but did not attain statistical significance in this study. Because systolic and mean BP were not changed by HFD, the effect of eplerenone might be small. It can be concluded that BP-independent effects of eplerenone are responsible for the reduction in renal injuries. Concomitantly, both nuclear MR protein levels and SGK1 expression in the kidney were elevated in HFD-fed mice, and these actions were abrogated by eplerenone ([Figure 3](#fig3){ref-type="fig"}). These observations suggest that the aldosterone/MR pathway constitutes a determinant of the development of CKD in obesity-related nephropathy. Alternatively, the intervention in the aldosterone/MR pathway would provide a clue to the novel therapeutic strategy in obesity-associated nephropathy.

Aldosterone is a potent mineralocorticoid that promotes renal sodium retention and induces hypertension. Several lines of studies have shown that increased serum aldosterone levels are linked to the development of obesity-associated hypertension.^[@bib32]^ Furthermore, accumulating evidence suggests that the excess aldosterone/MR activity provokes proteinuria and podocyte injury.^[@bib33]^ In rats with remnant kidney models, aldosterone administration increases proteinuria during the blockade of angiotensin II action with an angiotensin receptor blocker.^[@bib33]^ Increases in multiple factors, including mitogen-activated protein kinase,^[@bib15]^ plasminogen activator inhibitor-1,^[@bib34],\ [@bib35]^ transforming growth factor-β1,^[@bib20]^ MCP-1^(refs\ [@bib14],\ [@bib20])^ and reactive oxygen species,^[@bib15],\ [@bib36]^ have also been observed in renal tissues of aldosterone-infused animal models. Furthermore, SGK1 is considered as one of the main effectors of aldosterone.^[@bib37]^ Conversely, the blockade of MR with eplerenone substantially suppresses these parameters, and alleviates the renal injury induced by aldosterone.^[@bib38],\ [@bib39]^ In this study, we have demonstrated that the blockade of MR with eplerenone ameliorates the obesity-induced renal injury and abrogates the upregulated expression of MCP-1, TNF-α and PDGF-B ([Figure 2](#fig2){ref-type="fig"}), as well as SGK1 ([Figure 3](#fig3){ref-type="fig"}) in the kidney. These results suggest that obesity-associated renal injury involves the aldosterone/MR-mediated signaling pathway and renal inflammatory process. Although BP and serum aldosterone levels are not changed in this study, the renal arterioles tone may be changed by the reduced afferent arteriolar tone^[@bib40]^ and the elevated renal tissue aldosterone.^[@bib41]^ The observed findings (that is, enlarged glomeruli and glomerular hypercellularity) may be induced not by only the overexpression of inflammatory cytokines, but by hyperfiltration of the glomeruli.

Of note, our current study shows the elevation in renal tissue aldosterone contents and the activation of the MR-mediated signaling pathway in obese mice, despite unaltered serum aldosterone levels ([Figure 3](#fig3){ref-type="fig"}). Several lines of studies demonstrate that the MR signaling pathway is activated by a variety of factors, including insulin,^[@bib42]^ renal sympathetic nerve activation^[@bib43]^ and Rac1.^[@bib28]^ Aldosterone biosynthesis is mediated by several enzymatic pathways, including 3β-HSD, CYP11B2, CYP11A1 and 21-hydroxylase in the adrenal cortex. A recent study has reported that mesangial cells express the mRNA of 3β-HSD, CYP11B2 and 21-hydroxylase.^[@bib44]^ Mesangial cells are an aldosterone-producing tissue, in which LDL plays a major regulatory role in the expression of 3β-HSD and aldosterone production.^[@bib44]^ In this study, elevated renal tissue aldosterone contents but not serum aldosterone are supposed to account, at least in part, for the activation of the MR pathway in obesity. Of note, in *in vitro* study, high concentration of insulin induced the overexpression of SGK1 ([Figure 4](#fig4){ref-type="fig"}). These results show the link between metabolic disorders and MR signaling pathway in obesity.

Our study raises the possibility that tissue aldosterone is locally produced through the upregulation of 3β-HSD in obesity and contribute to effects in the renal glomerulus independently of the systemic renin--angiotensin--aldosterone system. In this regard, the transcription of these genes is regulated through the activation of signaling cascades that could be affected by adipocytokines.^[@bib45]^ Whether tissue aldosterone could be produced under the condition that aldosterone synthases other than 3β-HSD were not changed is not clear. Alternative explanations include increased aldosterone tissue uptake or decreased degradation within tissues. The precise mechanisms for the activation of the MR pathway and the enhanced renal aldosterone production in kidneys from obesity warrant further investigations.

This study has demonstrated the crucial role of Rho/Rho-kinase pathway in the development of nephropathy of non-genetic and HFD-induced obesity in C57BL/6J mice, a mouse model of metabolic syndrome. Evidence has been accumulated that Rho kinase is activated by several stimuli^[@bib46]^ and is involved in the pathogenesis or aggravation of renal damage in several renal injury and hypertensive models, including subtotally nephrectomized SHR,^[@bib15]^ Dahl salt-sensitive rats^[@bib47]^ and aldosterone-infused rats.^[@bib20]^ In this study, we have demonstrated that HFD-induced obesity causes enhanced Rho-kinase activity in the kidney tissue ([Figure 4](#fig4){ref-type="fig"}). We also showed the renoprotective effects of the Rho-kinase inhibition ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}). Furthermore, the activation of Rho kinase is prevented by the treatment with eplerenone. *In vitro* study shows that MR stimulation activates Rho kinase in HMCs, which is inhibited by pre-treatment with eplerenone ([Figure 4](#fig4){ref-type="fig"}). Since Rho-kinase activation was observed with a peak at 90 min after aldosterone stimulation, non-genomic mechanisms appear to be involved in obesity-induced MR stimulation and the subsequent activation of Rho kinase. Of interest, a previous study shows that in rats treated chronically with aldosterone and salt, renal injury is associated with the activation of mitogen-activated protein kinase, including ERK1/2.^[@bib26]^ In our study, however, mitogen-activated protein kinase, ERK1/2 or p38, is not activated in obese mice ([Figure 4](#fig4){ref-type="fig"}). Thus, our findings suggest that the enhanced aldosterone/MR signaling pathway plays a key role in renal injury in obesity through the activation of Rho kinase.

Although this study demonstrates activation of MR and Rho kinase in kidneys from obese mice, the subsequent mechanisms for mesangial cell proliferation and macrophage infiltration remain undetermined. Rho kinase is reported to be linked to multiple factors that facilitate inflammation and tissue fibrosis.^[@bib48]^ Furthermore, our study shows that a Rho-kinase inhibitor (fasudil) abolishes the HFD-induced overexpression of MCP-1, TNF-α and PDGF-B ([Figure 6](#fig6){ref-type="fig"}). In this study, we have found that the overexpression of MCP-1, TNF-α and PDGF-B in the renal tissue of obese mice is abrogated by the blockade of the aldosterone/MR pathway ([Figure 2](#fig2){ref-type="fig"}). As eplerenone suppresses the upregulated Rho kinase in kidneys of obese mice ([Figure 4a](#fig4){ref-type="fig"}), these cytokines are anticipated to contribute importantly to the development of obesity-induced nephropathy as factors linking between aldosterone/Rho/Rho-kinase pathway and renal injury. The inhibition of Rho kinase by eplerenone may thus offer beneficial action on obesity-related nephropathy through the modification of these cytokines. We have demonstrated that HFD-induced obesity showed the round-shape stain-free spots in tubules, which may be a reminiscence of lipid accumulation areas. Of note, the degree of stain-free areas parallels the levels of several inflammatory markers, including MCP-1, TNF-α and macrophage infiltration, consistent with direct inflammatory changes by lipid accumulation in renal cells. In addition to MR/Rho-kinase pathway, this lipid accumulation may directly cause the overexpression of inflammatory cytokines, leading to the infiltration of inflammatory cells and renal injury.

Finally, the treatment with eplerenone partly prevented all the metabolic changes, including weight gain and hyperinsulinemia, in this study. Thus, it is difficult to discern which effects are due to normalization of obesity and which are due to direct action on the kidney. As we have shown in this study, direct action by the inhibition of MR/Rho/Rho-kinase pathway on the kidney accounts at least for the amelioration of the pathological changes and proteinuria in obesity-induced renal injuries. Moreover, the normalization of obesity itself could be due to the inhibition of MR/Rho/Rho-kinase pathway. This study has unveiled a novel observation showing a possible role of aldosterone in the aggravation of obesity. Thus, we demonstrate that HFD-fed obese mice manifest a smaller body weight gain when treated with eplerenone ([Figure 1e](#fig1){ref-type="fig"}). In this regard, we previously reported that the inhibition of Rho kinase with fasudil alleviated the increase in body weight in Zucker obese rats, a genetic model of obese animals.^[@bib13]^ Of note, we have recently demonstrated that in cultured adipocytes, lipid accumulation after the differentiation elicits Rho-kinase activation. Furthermore, mechanical stretch of adipocytes elicits enhancement in Rho-kinase activity.^[@bib49]^ It is surmised therefore that hypertrophic process during lipid accumulation in adipocytes involves Rho-kinase activation through mechanical stretch as well as MR signaling pathway stimulation, and subsequently induces obesity. The intervention of Rho/Rho kinase and the MR pathway may constitute a novel strategy disrupting vicious circles aggravating obesity.
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![Effects of eplerenone on animal phenotype. (**a**--**c**) Systolic BP, mean BP and heart rate were neither unaltered by HFD nor was reduced by eplerenone. (**d**) Albuminuria was markedly increased in mice on HFD compared with those on LFD. Eplerenone reduced albuminuria. (**e**, **f**) Body weights and kidney weights of mice on HFD were markedly greater than those of mice on LFD. The diet-induced obesity was ameliorated by the treatment with eplerenone. Data were expressed as mean±s.e.m. Cr, creatinine. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01 vs mice on LFD; ^†^*P*\<0.05 vs untreated mice on HFD.](ijo2011232f1){#fig1}

![The effects of eplerenone on the HFD-induced renal damages, and renal expression of inflammatory chemokines. (**a**) Histology of F4/80-stained kidney section from mice on LFD, HFD and HFD with eplerenone. Magnification, × 400. Compared with mice on LFD, untreated mice showed marked glomerular hypercellularity and enlarged glomerular size. Eplerenone-treated mice showed near-normal glomerular histology. (**b**) Histology of Masson\'s modified trichrome-stained kidney section from mice on LFD, HFD and HFD with eplerenone. HFD showed no significant fibrotic changes. Alternatively, the stain-negative round spots are increased in tubules in obese mice and were reduced by eplerenone. (**c**) Glomeruli were markedly enlarged in mice on HFD, which change was reduced by eplerenone. (**d**) Glomerular cellularity was assessed by the number of nuclei per glomerular cross-section (GCS) in 50 hilar glomeruli per animal. (**e**) Macrophages were markedly infiltrated in the renal tissue of mice on HFD, which was improved by the treatment with eplerenone. (**f**) The stain-negative round spots are increased in obese mice and were reduced by eplerenone. HFD-fed mice showed increases in renal expressions of MCP-1 (**g**, **h**), TNF-α (**i**, **j**) and PDGF-B (**k**), all of which were attenuated by eplerenone. Data were expressed as the ratio of mRNA levels of MCP-1 (**h**), TNF-α (**j**) and PDGF-B (**k**) to that of β-actin in arbitrary units (a.u.), relative to controls assigned as a value of 1. Data were expressed as mean±s.e.m. ^\*\*^*P*\<0.01 vs C57BL mice on LFD; ^†^*P*\<0.05 vs untreated mice on HFD.](ijo2011232f2){#fig2}

![MR and SGK1 expression and aldosterone synthesis enzyme expression in kidneys from HFD-fed mice. (**a**) The protein in the nuclear fraction representing the MR was increased in HFD, suggesting that MR was enhanced with obesity. (**b**) HFD-fed mice showed increases in renal expressions of SGK1, which was attenuated by eplerenone. Data were expressed as the ratio of mRNA level of SGK1 to that of β-actin in arbitrary units (a.u.), relative to controls assigned as a value of 1. (**c**, left) Serum aldosterone levels did not differ between mice on LFD and those on HFD. (**c**, right) Tissue aldosterone in the kidneys was markedly increased. (**d**) HFD-fed mice showed increases in renal expressions of 3β-HSD, when compared with mice on LFD. Other aldosterone-synthesizing enzyme CYP21 hydroxylase (**e**), CYP11B1 (**f**) or B2 (**g**) was unchanged in mice on HFD. Data were expressed as the ratio of mRNA levels of 3β-HSD (**d**), CYP21 hydroxylase (**e**), CYP11B1 (**f**) and CYP11B2 (**g**) to that of β-actin in arbitrary units (a.u.), relative to controls assigned as a value of 1. Data were expressed as mean±s.e.m. ^\*^*P*\<0.05, ^\*\*^*P*\<0.01 vs mice on LFD; ^†^*P*\<0.05 vs untreated mice on HFD.](ijo2011232f3){#fig3}

![(Upper) Rho-kinase activity in the kidney of mice on HFD and the effects of eplerenone on the Rho-kinase activation. (**a**) Phosphorylation of MYPT was significantly increased in mice on HFD. The activation of Rho kinase was completely blocked by eplerenone treatment. (**b**, **c**) p42/44 or p38 in the kidney was unchanged in mice on HFD. Data were expressed as mean±s.e.m. ^\*^*P*\<0.05 vs mice on LFD; ^†^*P*\<0.05 vs untreated mice on HFD. (Lower) Effects of aldosterone on Rho/Rho-kinase activity and effects of insulin on MR signaling pathway in primary mesangial cells. The stimulation with aldosterone increased Rho-kinase activity in a dose- (**d**, *n*=4) and a time-dependent manner (**e**, *n*=4). (**d**) Mesangial cells were incubated with various concentration of aldosterone for 1 h and the activation of Rho kinase was assayed by immunoblotting. Densitometric analysis of immunoblots is shown as values normalized by the expression levels of total MYPT1. ^\*^*P*\<0.05 vs quiescent cells. (**e**) Stimulation with aldosterone (1 nmol l^−1^) significantly increased the level of phospho-MYPT1 at 90 min and 3 h. ^\*\*^*P*\<0.01, ^\*^*P*\<0.05 vs time 0. (**f**) Pre-incubation with eplerenone (10 μmol l^−1^) attenuated the aldosterone-induced increase in MYPT-1 phosphorylation in a dose-dependent manner. ^\*\*^*P*\<0.01 vs quiescent; ^††^*P*\<0.01, ^†^*P*\<0.05 vs aldosterone stimulation without pre-treatment. (**g**) mRNA levels of SGK1 with high insulin treatment. ^\*^*P*\<0.05 vs 1 nM, 10 nM of insulin. Results are presented as mean±s.e.m.](ijo2011232f4){#fig4}

![Effects of fasudil on animal phenotype. (**a**--**c**) Systolic BP, mean BP and heart rate were unaltered by fasudil. (**d**) Increased albuminuria in mice on HFD was reduced by fasudil. (**e**, **f**) The diet-induced obesity and enlarged kidneys were ameliorated by the treatment with fasudil. Data were expressed as mean±s.e.m. Cr, creatinine. ^†^*P*\<0.05 vs untreated mice on HFD.](ijo2011232f5){#fig5}

![Effects of fasudil on renal morphological changes and renal expression of inflammatory chemokines. (**a**) Histology of F4/80-stained kidney section from mice on HFD and HFD with fasudil. (**b**) Periodic acid-Schiff\'s-stained kidney section. (**c**) Masson\'s modified trichrome-stained kidney section. (**d**, **e**) The HFD-induced changes in glomerular size and cellularity were nearly completely abolished by the treatment with fasudil. (**f**) Macrophages were markedly infiltrated in the renal tissue of mice on HFD, which was improved by the treatment with fasudil. (**g**) The stain-negative round spots are increased in obese mice and were reduced by fasudil. HFD-fed mice showed increases in renal expressions of MCP-1 (**h**, **i**), TNF-α (**j**, **k**) and PDGF-B (**l**), all of which were attenuated by fasudil. Data were expressed as the ratio of mRNA levels of MCP-1 (**i**), TNF-α (**k**) and PDGF-B (**l**) to that of β-actin in arbitrary units (a.u.), relative to controls assigned as a value of 1. Data were expressed as mean±s.e.m. ^†^*P*\<0.05 vs untreated C57BL/6J mice with HFD.](ijo2011232f6){#fig6}
